lone, which both act by systemically mitigating the effects of immune response but have marginal efficacy. Herein, we discuss emerging research strategies to further enhance these clinical treatments by directly targeting specific aspects of the immune response.
mote a less inflammatory milieu, and cell-mediated therapies to promote alternatively activated immune cell populations that support regeneration. This review will highlight therapeutic strategies that can shift the injury microenvironment from highly inflammatory towards a more anti-inflammatory milieu to facilitate regeneration of the injured nerve tissue.
An understanding of the underlying biology has contributed to the development of strategies to modulate the inflammatory response that ensues after SCI. Figure 1 summarizes the peak infiltration time for each cell population infiltrating the injury throughout the acute, subacute, and chronic inflammatory phases in a mouse SCI model. Furthermore, the figure indicates the duration of efficacy for potential therapies, and will be discussed in greater detail as they become relevant. Immediately following SCI, astrocytes and microglia become activated and secrete cytokines that initiate the recruitment of leukocytes. The first leukocytes to infiltrate the injured tissue as part of the innate immune response are neutrophils, which are followed by monocytes that mature into macrophages or dendritic cells upon entering the tissue. Neutrophils and macrophages are essential for preventing infection at the injury by producing reactive oxygen species (ROS) that kill foreign pathogens. Macrophages in particular phagocytose foreign antigens and cellular debris left behind by necrotic or apoptotic cells, including myelin debris which contains inhibitory proteins that prevent axons from regenerating [Filbin, 2003; Yiu and He, 2006] . In addition to ROS, macrophages and neutrophils produce a wide array of inflammatory cytokines such as interleukin (IL)-1, IL-6, and tumor necrosis factor alpha (TNF-α), which induce the apoptosis of neurons and oligodendrocytes, resulting in secondary damage. These cytokines also cause astrocytes to undergo astrogliosis, a process that involves aberrant morphology and proliferation in an effort to limit excitotoxicity and oxidative stress followed by the development of the glial scar [Klusman and Schwab, 1997] . Glial scar formation is integral for the closing of the blood-brain barrier, but is largely composed of highly neuroinhibitory chondroitin sulfate proteoglycans (CSPGs) [Fitch et al., 1999; Busch and Silver, 2007] . T cells are the last of the immune cells to infiltrate the tissue, and they target antigens remaining within the injury. The inflammatory cascade that ensues after SCI in humans and rats results in cavitation at the epicenter of the injury that is associated with reduced factors, such as laminin, matrix metalloproteinase (MMP)-1, and vascular endothelial growth factor A [Surey et al., 2014] . Finally, in the event of foreign material entering the spinal cord either during injury or implantation of a biomaterial, foreign body giant cells (FBGCs) may form via macrophage fusion, though this is poorly characterized in the spinal cord. The contribution of each of these leukocyte populations has generally been considered injurious to regeneration, though few studies have investigated their impact or modulation.
Although the immune response is largely responsible for the creation of an unfavorable environment for tissue regeneration, the initial inflammatory response is important in initiating closing of the blood-brain barrier, clearing debris, and preventing infection [Donnelly and Popovich, 2008] . While initial inflammation is essential for recovery from injury, the persistence of neutrophils and macrophages into the chronic phase of injury is believed to worsen outcomes [Waxman, 1989; Beck et al., 2010] . In peripheral tissues, a shift in macrophage phenotype along a spectrum of activation states from inflammatory (M1 or classically activated) to anti-inflammatory (M2 or alternatively activated) is typically observed, and this shift is essential for the resolution of the immune response [Mosser, 2003; Murray and Wynn, 2011; Sindrilaru et [Popovich et al., 2002; Horn et al., 2008; Busch et al., 2009; Kigerl et al., 2009; Kitayama et al., 2011; Pruss et al., 2011] . Similarly, cytotoxic T cells that target myelin for removal are abundant during chronic SCI resulting in trauma-induced autoimmunity, conversely therapeutics that recruit regulatory T cells can be used to modulate the T cell response to favor regeneration [Jones, 2014] . Additionally, depletion of potentially harmful leukocyte populations has resulted in seemingly contradictory results, ranging from improved to a worsening of regenerative and functional outcomes following SCI. LY6G/Gr-1+ neutrophil depletion leads to higher ROS in an SCI lesion and impaired functional outcomes [Stirling et al., 2009] . In contrast, reducing neutrophil and macrophage infiltration using CD11d/CD18 antibodies reduces ROS and Design considerations of the onset and duration of immunomodulatory benefits of therapeutics to correspond with specific phases of inflammation after SCI can target specific inflammatory cell populations. The local inflammatory cell proliferation and leukocyte infiltration fluctuates within the spinal cord after injury, as indicated by the relative peaks and valleys for each population over time. In the mouse model of SCI, neutrophil infiltration peaks within the first 24 h of the acute phase of inflammation. Microglia numbers rapidly increase during the acute phase and remain elevated into late stages of inflammation. Macrophages and T cells attain peak infiltration after 1 week and initiate the transition from acute to subacute phases of inflammation. Macrophages undergo a second population expansion during chronic inflammation.
While astrocytes are present throughout inflammation, astrogliosis peaks between 7 and 14 days after injury. The efficacy of a variety of therapeutics throughout the phases of inflammation assuming immediate delivery to the spinal cord after injury is demonstrated below the cell infiltration timeline. Darker green color indicates greater immunomodulatory potential, while lighter colors indicate the therapeutic benefits are diminishing. Timelines for cell infiltration and therapeutic benefits were obtained from the following sources: Popovich et al. [1997] ; Blits et al. [2003] ; Blits and Bunge [2006] ; Donnelly and Popovich [2008] ; Nguyen et al.
[2011]; Wang et al. [2012] ; ; Gao et al. [2014] ; Papa et al. [2014] .
apoptosis, resulting in functional improvements [Saville et al., 2004; Bao et al., 2005; Geremia et al., 2012] . Macrophage depletion with dichloromethylene bisphosphonate improved partial hind limb recovery and tissue repair [Popovich et al., 1999] , while CD11c+ monocyte/macrophage depletion reduced functional outcomes [Shechter et al., 2009] . These seemingly contradictory results further support the idea that more sophisticated strategies that promote shifts within immune cell populations towards anti-inflammatory phenotypes, such as M2 macrophages and regulatory T cells, will prove more advantageous to regeneration than simply eliminating select leukocyte populations. Additionally, there may be unintended consequences when depleting immune cell populations, particularly the increased risk of infection or disease due to being systemically immunocompromised.
The following sections will focus on strategies that shift the inflammatory response towards anti-inflammatory cell phenotypes, such as M2 macrophages and regulatory T cells, which limit secondary injury and foster regeneration of the injured spinal cord.
Biomaterials

Scaffolds
Neurons in the adult central nervous system (CNS) maintain a capacity for regeneration that is limited by an intensely neuroinhibitory microenvironment that limits endogenous regeneration. This response is most clearly demonstrated by substantial regeneration of CNS axons through peripheral nerve grafts [David and Aguayo, 1981; Cote et al., 2011] . Biomaterial approaches to SCI have been designed to replicate the salient features of these peripheral nerve grafts: an architecture that simultaneously provides physical guidance, promotes cell infiltration to secrete regeneration factors, and mitigates inhibitory byproducts of primary and secondary damage. Biomaterial scaffolds have demonstrated the ability to effectively provide physical guidance and support cell infiltration. Biomaterial interactions with immune cells, however, are highly complex and affected by both the physical and chemical properties of scaffolds in ways that may be beneficial and/or deleterious, and are described below. The creation of an ideal immunomodulatory scaffold for SCI has been a formidable challenge, and the following parameters and features are essential considerations for design and are summarized in table 1 .
The spinal cord is a complicated structure with a large number of ascending and descending neural tracts that connect specific brain structures to precise locations on the body. When approaching neural regrowth after SCI, to augment the functional improvements associated with plasticity it is imperative to maintain the spatial organization of the spinal cord in order to increase the likelihood that a regenerating axon will find a suitable target after regenerating past the injury site [Weidner and Tuszynski, 2002] . For minor contusive injuries, strategies such as cellular grafts that reduce secondary injury, facilitate sparing of intact tracts, and promote regrowth may be the best option [Haggerty and Oudega, 2013] . However, for more severe contusions and penetrating SCI, even if the tissue architecture is initially preserved, secondary damage results in cavitation, atrophic parenchyma, and glial scarring. These scenarios require a biomaterial bridge that provides a permissive pathway for regenerating neurons to bypass or cross the injury site [Straley et al., 2010] . Therefore, in order to bridge the injury site and give neurons the best chance of reaching appropriate targets, the optimal biomaterial scaffold design for SCI will most likely incorporate either channels or a guidance system parallel to the spinal cord tracts [Sakiyama-Elbert et al., 2012] . While a conduit that guides neurons seems to be a logical scaffold design, direct experimental evidence to verify this claim is sparse, as are studies on its role in modulating the immune response. In 2008, Wong et al. [2008] completed the most comprehensive analysis to date that tests how overall scaffold design facilitates the regrowth of sensory and motor tracts. Using salt-leached porous polycaprolactone (PCL) cast in cylinder, tube, channel, and open path configurations, they observed that open path designs were superior to all other designs in being permissive to axon regeneration into the injury and reducing the extent of secondary damage and glial scarring. Despite the reported result, the authors noted that the regenerating nerves could have been either regenerating white matter tracts or nerve roots entering from the side. Additionally, the lack of regeneration they report from the multichannel design are in direct contrast to other reports [Olson et al., 2009; Tuinstra et al., 2014] .
When designing biomaterial scaffolds for the spinal cord, the mechanical properties of scaffolds and the changes that occur to them during degradation are essential considerations. Scaffolds must have appropriately matched stiffness while still being strong enough not to collapse and cause obstruction to nerve regeneration. When implanted in vivo, degradation, repetitive compression from movement, and immune cell-related breakdown and clearance can all reduce the lifetime of biomaterial scaffolds and can cause graft failure if it happens too soon [Belkas et al., 2005] . On the other hand, appropriately timed degradation such that the biomaterial can be replaced by extracellular matrix (ECM) deposition can result in axon bundles surviving completed degradation of the biomaterial [Tuinstra et al., 2014] . Strategies to alter scaffold mechanical properties may also alter wound healing and the immune response. For example, poly(ethylene glycol) (PEG) hydrogels with lower stiffness lead to reduced macrophage activation and a less severe foreign body response [Blakney et al., 2012] .
The macroarchitecture of biomaterial scaffolds facilitates the wound-healing process by acting as a framework for cell infiltration and remodeling and, in doing so, altering the immune response. Cellular infiltration within a porous material network allows for the integration of host tissue that reduces cavitation as well as the glial scar. While mice typically exhibit minimal cavitation in SCI, larger animals, such as rats, exhibit prominent cyst formation at the injury epicenter, similar to what occurs in human SCI. In contrast to the macrophage-filled cysts in rats, mouse lesion sites are rich in the ECM proteins laminin and collagen, proangiogenic factors, and pro-woundhealing factors [Surey et al., 2014] . These characteristics are associated with delayed T cell entry and a lack of dendritic cell infiltration in mice relative to rats [Sroga et al., 2003] . Although the mechanism is incomplete, biomaterial scaffolds and hydrogels reduce the thickness of the glial scar while concomitantly reducing the macrophage population [Teng et al., 2002; Yang et al., 2009] . Whether this effect results from space filling or a material property is unclear, but the introduction of a scaffold profoundly affects immune cell infiltration while replacing cavitation and the thick glial scar with regenerating tissue as observed by the absence of significant cyst formation after spinal cord bridge implantation in highly porous or open designs [Wong et al., 2008; De Laporte et al., 2009b] .
In order to promote and support regeneration, biomaterial scaffolds must be permissive to cellular infiltration, biomolecule diffusion, and vascular infiltration at the microstructural level. These properties are achieved by utilizing pores, grooves, or polymer fibers and can have profound effects on the immune response. Porosity allows for scaffold vascularization, alters cell migration and phenotype into and around the scaffold, and improves implant stability at the tissue-implant interface [Dadsetan et al., 2008; . The pore size has been shown to alter macrophage phenotype in a size-dependent fashion with 160-μm pores pushing the macrophage population towards an M2 phenotype in comparison to 34-μm pores in subcutaneous implants [Sussman et al., 2014] . While the smaller pores in this example supported greater vascular infiltration, both pore sizes reduced the FBGC response and promoted healing. Whether this effect would be observed in the spinal cord is unknown; however, design parameters that promote the formation of M2 macrophages and resolution of inflammation are essential for SCI. Pore geometry has been observed to alter the macrophage phenotype with diagonal geometries resulting in less FBGCs and elongated (M2) macrophages in the context of 3D printed chitosan and polylactic acid (PLA) scaffolds [Almeida et al., 2014] . Grooves have also been shown to interact with macrophages in particular.
Recently, McWhorter et al. [2013] demonstrated that cell elongation with grooves can induce M2 phenotypic marker expression and enhance the effects of M2-inducing cytokines, though this has not yet been demonstrated in vivo. In a similar manner, aligned PCL electrospun nanofibers minimize the immune response by reducing the thickness of the fibrous capsule surrounding the scaffold, reducing monocyte adhesion, and increasing cell infiltration compared to random fiber and films [Cao et al., 2010] . Additionally, the aligned orientation of fibronectin-coated poly-L -lactic acid fibers has been shown to enhance GLT-1-mediated glutamate uptake and astrocyte migration in vitro [Zuidema et al., 2014] . Finally, nanofibrous scaffolds result in reduced macrophage-mediated proinflammatory cytokine release, including granulocyte colony-stimulating factor (G-CSF), chemokine C-C ligand (CCL)-5, and TNF-α relative to scaffolds made of micron-scale fibers [Saino et al., 2011] .
Though nanotopography effects can be challenging to isolate from changes in surface chemistry as they can be interrelated, both nanoscale surface features and chemistry can alter the function and migration patterns of immune cells. Few studies have investigated the interactions between nanotopography and the immune response; however, both the innate and adaptive immune responses have been demonstrated to be affected. On nanostructured titanium, macrophage motility was restricted, and reduced M1 macrophage polarization on titanium substrates was observed . In a similar way, nanopatterned (grooved) polyurethane acrylate surfaces caused directional topography-guided migration of T cells . The effects of surface chemistry have been studied in much greater detail; in particular, the relationship between the chemical properties of a surface and protein adsorption has been thoroughly characterized as protein adsorption interacts and directly activates immune cells. Immediately following blood-material contact, a layer of protein adsorbs to the surface resulting in the formation of a blood clot that recruits the cells of the innate immune system to the injury. The severity of the ensuing inflammation is highly dependent on the biochemical properties of the material and how it denatures adsorbed proteins. Natural materials such as collagen [De Laporte et al., 2009a] , hyaluronic acid [Kang et al., 2009] , and fibrin [Taylor et al., 2006] are often considered biocompatible given that they are naturally found in the ECM of many tissues, including the spinal cord, but they can be immunogenic and their properties can change substantially during processing. Synthetic materials such as poly(lactide-co-glycolide) (PLG) [Tuinstra et al., 2014] , PEG [Luo and Shi, 2007] , and poly(2-hydroxyethyl methacralate) (PMMA) [Hejcl et al., 2008] , though not native to the spinal cord, also have minimal immune responses that can be further modulated. The degree of hydrophilicity/hydrophobicity is particularly important as hydrophobic materials are more likely to denature adsorbed proteins and are associated with decreased monocyte adhesion [Hezi-Yamit et al., 2009] as well as decreased macrophage adhesion and FBGC formation in vitro [Jones et al., 2007] .
Particle Delivery
Nanoparticles have been used to deliver a therapeutic to the injured spinal cord; however, a growing number of researchers are investigating the inherent ability of polymeric particles to module the immune cell response. Local delivery of both PMMA and PCL-PEG composite nanoparticles have been shown to be selectively internalized by proinflammatory macrophages and microglia following SCI [Papa et al., 2013 [Papa et al., , 2014 . Similarly, monocyte uptake of PLG and polystyrene nanoparticles containing antigen peptides has been shown to induce antigen-specific tolerance for the prevention and treatment of experimental autoimmune encephalomyelitis (EAE) -the murine multiple sclerosis model [Getts et al., 2012; Hunter et al., 2014; Maldonado et al., 2015] . Tolerance was dependent on particle uptake by the MARCO (macrophage receptor with collagenous structures) scavenger receptor, in part due to the anionically charged surface of the nanoparticles [Kanno et al., 2007] . As uptake of these particles was independent of the antigen, it is likely that naked PLG and polystyrene nanoparticles can also be used to target and modify macrophages following SCI. Additionally, nanoparticles with antigen capable of inducing myelin-specific tolerance could be used to alleviate the chronic inflammatory phase of SCI, which is characterized by unfettered demyelination comparable to EAE models [Jones, 2014] . Other particles, including iron oxide [Pal et al., 2013] , gold [Hutter et al., 2010] , and quantum dots [Minami et al., 2012; Moquin et al., 2015] , have also been used to target microglia and reduce inflammation using in vitro models.
Therapeutic Delivery Considerations
Local and systemic injection of biologically active molecules, including protein, gene, and cellular therapies, can be used to modulate the immune response at the site of injury. Systemic injection of these molecules can redirect immune cell trafficking and promote anti-inflammatory immune phenotypes throughout the body and within the spinal cord. Unfortunately, many molecules used have pleotropic effects and can cause off-target effects. Additionally, a larger amount of the protein needs to be delivered systemically to elicit changes in inflammation within the spinal cord. Moreover, while the blood-brain barrier is temporarily open during the acute stage of SCI, it begins to close after 3 days [Popovich et al., 1996; Whetstone et al., 2003] , limiting the time window in which systemic treatments can be effective [Jeffery et al., 2009] . Local injection of these molecules with osmotic pumps directly into the cerebrospinal fluid can be utilized to avoid systemic side effects and limit the amount of protein needed, though osmotic pumps tend to clog, may require a second surgery for removal, and can cause further tissue damage [Jones and Tuszynski, 2001] . The use of direct injection methods, whether systemic or local, can exhibit limited protein bioactivity due to rapid degradation within hours to days depending on the molecule, thus limiting the therapeutic window.
Utilization of a delivery vehicle, such as scaffolds and nanoparticle carriers, for biologically active molecules can extend their bioactivity by providing protection from proteolysis that commonly affects unbound soluble proteins. Proteins or enzymes can be incorporated into a biomaterial, adsorbed onto the surface, or covalently bound to a material. Inclusion of proteins into hydrogels or polymeric scaffolds can be used to localize the proteins at the injury site to modulate the local astrocyte and microglia response, as well as that of the infiltrating leukocytes following injury [Hayashi et al., 2009; Wilems and Sakiyama-Elbert, 2015] . Protein-loaded scaffolds used in penetrating SCI models perform several functions by not only delivering proteins and increasing their bioavailability, but also filling the tissue void and reducing glial scar formation. Micro-and nanoparticles have been developed to deliver specific proteins to modulate immune cell infiltration and phenotype following SCI and can be used in both contusion and penetrating SCI models. Therapeutic proteins can be encapsulated within or incorporated throughout the particle depending on the desired release profile relative to leukocyte infiltration and the duration of bioactivity. Particles can be administered locally via the cerebrospinal fluid or by incorporation into a hydrogel. Alternatively, systemically administered particles can include a targeting peptide that will traffic the particles with the therapeutic to the site of inflammation [Ruoslahti, 2012] . This method allows for safer administration at a more easily accessible injection site outside the CNS but offers opportunities that mirror local delivery strategies. Encapsulation of the therapeutic is appropriate for systemically delivered particles as a precaution to limit pleotropic effects prior to arrival in the spinal cord. Zuidema et al. [2016] provide further information regarding nanoparticle design for therapeutic and diagnostic delivery to the CNS.
Biologically Active Molecules
Biologically active molecules, including matrix proteins, growth factors, cytokines, enzymes, and antibodies, have been utilized to reduce inflammation and promote regeneration after SCI. Nonbiologic pharmaceutical agents, such as methylprednisolone and dexamethasone, have been used to systemically suppress the immune response, and have been reviewed elsewhere [Ilinskaya and Dobrovolskaia, 2014] . Modulating the immune response to promote a more anti-inflammatory phenotype among immune cells at the site of SCI offers greater regenerative capacity than systemic immune suppression. This phenomenon has been documented with neutrophil and macrophage depletion studies that exacerbated damage after SCI, thus demonstrating the importance of the immune cells in promoting a microenvironment primed for regeneration [Shechter et al., 2009; Stirling et al., 2009] . To ensure a more regenerative immune cell phenotype, a number of local and systemic delivery strategies have been utilized to modulate the immune response with biologically active molecules. These molecules can be used to target specific events or cell populations within each phase of the inflammatory response with the goal of promoting an anti-inflammatory milieu, as the highly complex and precisely timed coordination of leukocytes and local cell populations that ensue after SCI are well documented. Delivering appropriately timed biologically active molecules that target one or more specific phase of inflammation after SCI can limit secondary damage and promote regeneration. While biologically active molecules hold promise in modulating the inflammatory milieu, these factors can degrade and rapidly reduce their bioavailability. These challenges can be addressed through the use of more robust molecules, inclusion of a delivery vehicle, or considerations of the timing and location of delivery that must be designed specifically for each protein. The following sections will explore therapeutic options for each phase of inflammation as well as an overview of considerations for delivery of these biologically active molecules. Table 2 summarizes the anti-inflammatory benefits and regenerative consequences garnered from proteins previously deliv-ered to the injured spinal cord, as well as cellular and gene therapy approaches in subsequent sections of this review.
Leukocyte Infiltration
Limiting the initial infiltration of these cells in the acute phase of inflammation can reduce the secondary damage that occurs due to the highly inflammatory microenvironment caused by infiltrating immune cells. The systemic administration of G-CSF and statins has been shown to reduce vascular permeability through increased expression of aquaporin 4 and vascular endothelial growth factor [Ifergan et al., 2006; Chu et al., 2014] . Peroxisome proliferator-activated receptor gamma can also reduce vascular permeability through an inhibition of MMP-9 [Lee et al., 2009] , which is responsible for the digestion of the vascular matrix [Noble et al., 2002] . These approaches offer a first defense against excessive proinflammatory leukocyte infiltration into the spinal cord. Subsequent use of biologically active molecules that promote an anti-inflammatory phenotype of the resident microglia and the infiltrating leukocytes would provide the next line of defense against secondary injury.
Modulating Innate Immunity
The innate immune response following SCI is characterized by the infiltration of neutrophils, monocytes, macrophages, and dendritic cells that release proinflammatory cytokines that leads to secondary damage of the neurons and oligodendrocytes that survived the initial injury. It has been well documented that these leukocytes can undergo a phenotypic change resulting in a more anti-inflammatory phenotype that supports tissue regeneration. Typically, macrophages and microglia are targeted through the use of biologically active molecules to convert them from a proinflammatory M1 phenotype towards an anti-inflammatory M2 phenotype. A number of interleukins have been used to facilitate M2 polarization, including IL-4, IL-10, IL-13, and IL-33 [Bethea et al., 1999; Martinez et al., 2008; Lee et al., 2010; Fenn et al., 2014; Pomeshchik et al., 2015] . Similarly, acidic fibroblast growth factor, galectin-1, G-CSF, and myeloid colonystimulating factor have also been used to promote M2 macrophages and/or microglia following SCI, resulting in modest improvements to axon growth and functional recovery [Kuo et al., 2011; Guo et al., 2013; Hamilton et al., 2014; Gaudet et al., 2015] . G-CSF has also been shown to reduce oligodendrocyte death, suggesting that the reduction in proinflammatory cytokines leads to sparing of the remaining tissue. Interestingly, granulocyte macrophage colony-stimulating factor (GM-CSF) promotes M1 macrophage polarization and activation of dendritic cells, and leads to increased expression of brain-derived neurotrophic factor (BDNF) and early recovery of locomotor function after SCI [Hayashi et al., 2009; Hamilton et al., 2014] . It should be noted that BDNF can promote M2 Delivery of proteins can be through gene therapy or direct delivery of the protein, with either method effective; however, the duration of bioavailability will vary. aFGF = Acidic fibroblast growth factor; M-CSF = macrophage colony-stimulating factor. polarization, leading to increased expression of IL-10 and IL-13, with a subsequent decrease in the proinflammatory cytokines TNF-α and IL-1β [Ji et al., 2015] . The downstream signaling of BDNF leading to M2 polarization may provide a rational for how M1-promoting GM-CSF can promote a regenerative milieu.
Limiting Glial Scar Formation
The primary endogenous means to spare the remaining nerve tissue is through the formation of the glial scar by astrocytes; however, if left unchecked, the glial scar can greatly exacerbate the amount of secondary damage. Delivery of IL-33, GM-CSF, and G-CSF can reduce glial scar formation although it is unclear as to whether this is through direct action on the astrocytes or due to the modulation of the leukocyte population leading to altered cytokine expression [Chung et al., 2014; Pomeshchik et al., 2015] . Astrocytes have been documented to produce IL-33, GM-CSF, and G-CSF in an effort to reduce inflammation on their own, thus exogenous delivery may further reduce inflammation and the development of the glial scar [Aloisi et al., 1992; Yasuoka et al., 2011] . The astrocyte-derived CSPGs within the glial scar are thought to be the primary barrier to axonal elongation via physical blockade and a set of cellular and biochemical cues that instruct axonal growth cones to turn away or become dystrophic and stop regenerating [Cregg et al., 2014] . Chondroitinase ABC (chABC) can reduce the presence of the glial scar through enzymatic digestion of the CSPGs, but can also promote M2 macrophages that may reduce glial scar formation . The inherent benefits of chABC delivery to the glial scar, including CSPG digestion, reduced cavitation, and altered macrophage polarization, can be further enhanced through the extended presence of the enzyme via lentiviral delivery of the chABC vector .
Modulating Adaptive Immunity
The adaptive immune response consists of natural killer and lymphocyte populations. Many researchers have reported high levels of T cell activation towards myelin peptides during the chronic inflammation following SCI, as reviewed by Jones [2014] . This response is presumably due to the presence of a large amount of myelin debris following the primary and secondary damage that was phagocytosed by antigen-presenting cells, such as macrophages and dendritic cells, for presentation to T cells. Although the adaptive immune response has been infrequently targeted in SCI, IL-33 has been reported to limit T cell infiltration into the spinal cord [Pomeshchik et al., 2015] . While effective, it is unclear if this cytokine acts directly on the T cells or if it is an artifact of the reduced oligodendrocyte death that accompanies IL-33 delivery to the spinal cord. Other therapeutic interventions aim to convert cytotoxic T cells to more regeneration of Th2 or regulatory T cell phenotypes to spare the remaining myelin and reduce the proinflammatory cytokines IL-6 and interferon gamma. The presence of regulatory T cells would also confer the tolerance of foreign cells and biomaterials. Hepatocyte growth factor (HGF), erythropoietin, and IL-33 have been used independently to limit or modulate the aberrant T cell response [Yuan et al., 2008; Benkhoucha et al., 2010; Pomeshchik et al., 2015] . In addition to limiting inflammation, HGF and erythropoietin are potent chemoattractant factors for endogenous stem cell populations that could repair the damaged tissue [Li et al., 2012; Merino et al., 2015] . In addition to cytokines, ligands or antibodies can be used to directly influence the adaptive immune response. Although it has not been used within the spinal cord, anti-Fas antibodies effectively promote the apoptosis of infiltrating cytotoxic T cells to prevent the rejection of implanted cells or scaffolds [Kim et al., 2006; Pearl-Yafe et al., 2007; Hume and Anseth, 2010] .
Gene Therapy
While direct protein delivery can be effective for shortterm dosage, gene therapy provides an opportunity to achieve sustained expression. Gene therapy vectors can be broadly classified as viral and nonviral carriers. In order to substantially alter protein expression levels at biologically relevant concentrations, gene therapy must be efficient. Although great effort has been put into developing nonviral gene delivery methods, such as naked DNA or RNA, liposomes, and nanoparticles, nonviral gene delivery is limited in its ability to efficiently transfect cells, particularly in vivo. Viral vectors bypass these limitations by utilizing highly evolved mechanisms to incorporate their genetic material into cells, resulting in greater transduction efficiency and therefore expression levels. Moreover, some vectors, such as nonlentiviral retroviruses and adenovirus are unable to infect dividing cells, reducing their efficiency and utility. Cells -and neurons in particular -are not typically transduced by these types of viruses. For further discussion of gene therapy for SCI, see the review by Walthers and Seidlits [2015] .
When approaching immunomodulation with gene therapy, there are a several important considerations when choosing an appropriate vector. The timing of gene expression can be important when specifically targeting either the innate or adaptive immune response. An overview of the delayed onset and duration of gene expression is represented in figure 1 . Nonviral therapy offers a lower level of expression, but does feature the quickest expression. The onset of transgene expression delivered by herpes simplex virus (HSV) or adenovirus is faster than other viral vectors, occurring within 24 h after administration [Blits and Bunge, 2006] . Lentivirus typically exhibits expression within 48 h after expression and maximal expression after 3-4 days . Finally, the onset of expression for adeno-associated virus (AAV) occurs by day 3 and peaks at day 7 [Boulis et al., 1999] . Vector size may also be an important consideration as AAV has a capacity of less than 5 kb of ssDNA, retrovirus can contain a maximum of 8-10 kb of ssRNA, and adenovirus and HSV have substantially higher transgene capacities. Finally, viral vectors are immunogenic on their own, which can complicate immunomodulation. AAV and lentivirus are generally considered to have a low level of transient immunogenicity, while adenovirus is highly inflammatory. For more information, see the review by Nayak and Herzog [2010] .
Leukocyte Response
The role of neutrophils and lymphocytes in regeneration following SCI is not well understood, thus hindering the development of gene therapies to mechanistically target these cells. Conversely, macrophages have been frequently targeted with gene therapy for SCI as recent research has defined a spectrum of pro/anti-inflammatory phenotypes that active macrophages can exist within. IL-10, an anti-inflammatory cytokine, is known to inhibit the synthesis and release of proinflammatory mediators such as TNF-α, IL-1β, IL-6, IL-8, and IL-12, and has been shown to activate signaling pathways involved in neuronal survival and growth [Zhou et al., 2009b] . Lentiviral delivery of IL-10 to macrophages in vitro can sustain macrophage polarization towards an M2 phenotype, though this research has not yet been demonstrated in vivo in SCI . Delivery of IL-10 poliovirus replicons intramuscularly or intrathecally elevated IL-10 for 4 days with a peak at 24 h and improved functional injury when given immediately after injury [Jackson et al., 2005] . Intrathecal injection of HSV encoding IL-10 after a hemisection injury demonstrated improved axonal sparing, more functional recovery, and direct trophic support for neurons by IL-10 [Zhou et al., 2009a, b] . However, neither of these viral IL-10 studies investigated the effects on the immune response or how those effects alter regeneration. IL-4 is another prototypical anti-inflammatory cytokine that antagonizes and suppresses the effects of IL-1, leading to M2 macrophage phenotypes [Vannier et al., 1992] . It has been shown that HSV-mediated expression of IL-4 can reduce neuropathic pain, but, like IL-10, it has not been clearly shown to promote M2 macrophagemediated healing in vivo [Hao et al., 2006] . Finally, BDNF, a factor that provides neuroprotective benefits, promotes axon regeneration, and increases synaptic plasticity, has ancillary effects in that it promotes M2 macrophage polarization that may enhance neuroprotective effects and partially contribute to locomotor functional recovery after SCI [Ji et al., 2015] .
Astrogliosis and Wound Healing
One of the most common approaches to mitigating astrogliosis is to target CSPG breakdown using chondroitinase, which proteolytically inactivates CSPGs such that they no longer inhibit axon elongation. This approach has been successful in reducing cavitation, preserving spinal neurons and axons, and improving sensorimotor function . Additionally, chondroitinase leads to IL-10 upregulation and a subsequent increase in M2 macrophages . While breakdown of CSPGs is an effective way to remove one of the key barriers to regeneration, preventing deposition is expected to be more effective. To this end, several microRNAs have been identified. In particular, microRNA-21 plays a prominent role in the initial hypertrophic stage of astrogliosis that is essential for wound healing as opposed to the later hyperplasia responsible for progression of the glial scar. Overexpression of miR-21 attenuates hypertrophy and knockdown augments the hypertrophic phenotype even in chronic stages of SCI recovery [Bhalala et al., 2012] . Likewise, lentivirus-mediated pre-miRNA 145 delivery under the astrocyte-specific glial fibrillary acidic protein promoter reduced the astrocytic cell density at the lesion border of the injured spinal cord, reduced the size of astrocytes and the number of related cell processes, as well as cell proliferation and migration . miR-145 likely exhibits global control over astrogliosis, in contrast to miR-21, which specifically controls the hypertrophic stage of astrogliosis. Finally, ex vivo gene therapy with HGF reduces transforming growth factor beta (TGF-β) levels, limits astrocytic scar formation and promotes axonal regeneration beyond the glial scar after SCI [Jeong et al., 2012] . Cell-mediated therapies hold promise in both modulating the immune response and repopulating the injury site. Stem cells are widely used following SCI, as they can directly contribute to nerve regeneration by repopulating the injury site and differentiating into neurons and glia that will form the new tissue. Interestingly, these cells have the potential to either evade immune recognition or to locally modulate an immune response. Embryonic stem cells are less susceptible to immune rejection than adult cells due to an absence of major histocompatibility complex (MHC)-II and CD80/CD86, and very low levels of MHC-I expression [Drukker et al., 2002; Drukker, 2006] ; however, these cells cannot confer this tolerance to local cells through the secretion of anti-inflammatory cytokines. Within neural stem cell (NSC) populations, the presentation of MHC molecules is variable due to the isolation source and the inflammatory milieu, suggesting subpopulations of NSCs offer an improved survival capacity [Bonnamain et al., 2012b] . These cells that survive, along with endogenous NSCs in the spinal cord, have the ability to modulate the local immune response, such as macrophage polarization and T cell phenotype after SCI -a characteristic shared with mesenchymal stem cells (MSCs) [Wang et al., 2009; Bonnamain et al., 2012a; English, 2013; Barbeau et al., 2014; Gao et al., 2014; Yan et al., 2014] .
MSCs and NSCs modulate the immune cells through numerous mechanisms, including direct cell-cell contact and indirect contact via cytokines and signaling molecules [Wang et al., 2009; Bonnamain et al., 2012a; English, 2013; Luz-Crawford et al., 2013; Barbeau et al., 2014; Gao et al., 2014; Nazmi et al., 2014; Obermajer et al., 2014; Yan et al., 2014] . NSCs release soluble factors such as TGF-β1, prostaglandin E, nitric oxide, and hemeoxygenase-1 that increase regulatory T cell populations at the expense of effector T cells [Wang et al., 2009; Bonnamain et al., 2012a; Nazmi et al., 2014] . NSCs can also effect these changes directly through contact with T cell populations using intracellular adhesion molecules and B7 cell surface proteins [Nazmi et al., 2014] . Through direct contact and local cytokine release, NSCs promoted an increase in regulatory T cells, increased the expression of anti-inflammatory cytokines and decreased proinflammatory cytokines [Gao et al., 2014] . Similarly, MSCs injected into a contused spinal cord reduced macrophage infiltration, restored the blood spinal cord barrier, led to the alternative polarization of macrophages and microglia, and improved hind limb motor function [Watanabe et al., 2015] .
A decrease in the proinflammatory cytokines (TNF-α, IL-6), mediators of vascular permeability (MMP-9), macrophage recruitment factors CCL-2 and CCL-5, and chemokine C-X-C ligand 10, coupled with an increase in GM-CSF within the first 24 h after SCI likely contributed to the improved functional outcomes [Watanabe et al., 2015] .
Conclusions and Future Directions
Substantial strides have been made in individual approaches to immunomodulation after SCI, but these approaches only have the capacity to indirectly promote regeneration. Individually, these approaches effect changes at a specific time point or through a target cell population within the inflammatory cascade, as demonstrated in figure 1 . Each of these treatments has demonstrated modest effects on its own, but small improvements in rodent sensorimotor function do not correspond to clinically significant improvements in quality of life. Future therapies will need to investigate how biomaterials, biologically active molecules, gene therapy, nanoparticles, and/or cell transplants can be used in concert to directly promote regeneration while mitigating inflammation without impairing wound healing and the closing of the blood-brain barrier. Combination therapies will require further investigation as to the mechanism by which these therapies modulate the immune system to optimize their efficacy; however, in combination, these therapies may have additive or synergistic effects on regeneration that may transform the field.
